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DISTRIBUTED ENERGY CONVERSION
SYSTEMS

CROSS-REFERENCE TO RELAT
APPLICATIONS

T
»

This application claims priority from U.S. Provisional
Patent Application Ser. No. 61/008,670 filed Dec. 21, 2007
and titled “Distributed Energy Conversion Systems” which 1s
incorporated by reference.

BACKGROUND

Power converters are used to convert electric power from
one form to another, for example, to convert direct current
(DC) to alternating current (AC) and vice versa. Power con-
verters play an important role 1n the development of alterna-
tive energy sources which often provide power 1n a form that
1s not 1deal for use or distribution. For example, photovoltaic
(PV) panels installed on the roof of a building may provide
power 1n the form of DC current at relatively low voltages.
This power must be converted to AC current at higher volt-
ages for use with lighting or appliances within the building, or
for distribution to other users through the power grid. As
another example, a plug-in hybnid vehicle may need to con-
vert AC power from the grid to DC power for storage 1n a
battery. The DC power from the battery may then need to be
converted back to AC power to operate the vehicle drive train,
or to feed power back to the grid 1f the vehicle 1s also used as
an olf-peak energy storage device. Even within energy sys-
tems based on conventional sources, power converters are
becoming more important to implement advanced energy
management, storage and conservation techniques.

FIG. 24 1llustrates a prior art photovoltaic (PV) energy
system for delivering solar energy to a utility grid. The PV
array 1s voltage and current sensed to acquire maximum
power point tracking at the panel or module level. In a solar
energy/power conversion system, the inverter i1s a critical
component which controls the flow of electricity between the
PV module and the load, for example, a battery or the grid.
Conventional mverters operate at higher power levels, typi-
cally from one to several hundred kilowatts peak (kWp). At
these high power levels, inverters typically require heat sinks
and fans or liquid cooling to accommodate higher heat dissi-
pation. The addition of the fan and/or liquid cooling reduces
the reliability of the system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates an embodiment of an energy converter
system according to the inventive principles of this patent
disclosure.

FIG. 2 illustrates another embodiment of an energy con-
verter system according to the inventive principles of this
patent disclosure.

FIG. 3 illustrates another embodiment of an energy con-
verter system according to the inventive principles of this
patent disclosure.

FIG. 4 illustrates another embodiment of an energy con-
verter system according to the mventive principles of this
patent disclosure.

FI1G. 5 illustrates an embodiment of power combining cir-
cuitry with AC power sources 1n parallel combination accord-
ing to the mventive principles of this patent disclosure.

FI1G. 6 illustrates an embodiment of power combining cir-
cuitry with AC power sources in series combination accord-
ing to the mventive principles of this patent disclosure.
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FIG. 7 illustrates an embodiment of power combining cir-
cuitry with DC power sources 1n parallel combination accord-
ing to the mventive principles of this patent disclosure.

FIG. 8 illustrates an embodiment of power combining cir-
cuitry with DC power sources 1n series combination accord-
ing to the mventive principles of this patent disclosure.

FIG. 9 illustrates an embodiment of a power converter
stack-up with an AC power source according to the inventive
principles of this patent disclosure.

FIG. 10 illustrates another embodiment of a power con-
verter stack-up with an AC power source according to the
inventive principles of this patent disclosure.

FIG. 11 illustrates another embodiment of a power con-
verter stack-up with an AC power source according to the
inventive principles of this patent disclosure.

FIG. 12 illustrates another embodiment of a power con-
verter stack-up with an AC power source according to the
inventive principles of this patent disclosure.

FIG. 13 illustrates an embodiment of a power converter
stack-up with a DC power source according to the inventive
principles of this patent disclosure.

FIG. 14 illustrates another embodiment of a power con-
verter stack-up with a DC power source according to the
inventive principles of this patent disclosure.

FIG. 15 1llustrates an embodiment of a power converter
stack-up with an energy storage device according to the
inventive principles of this patent disclosure.

FIG. 16 illustrates another embodiment of a power con-
verter stack-up with an energy storage device according to the
inventive principles of this patent disclosure.

FIG. 17 illustrates an embodiment of a power converter
stack-up with a power converter and power combiner accord-
ing to the mventive principles of this patent disclosure.

FIG. 18 1llustrates another embodiment of a power con-
verter stack-up with a power converter and power combiner
according to the inventive principles of this patent disclosure.

FIG. 19 1llustrates an embodiment of a power converter
stack-up with two power converters and power combiners
according to the inventive principles of this patent disclosure.

FIG. 20 1llustrates an embodiment of a power converter
stack-up with a DC power source and power combiner
according to the inventive principles of this patent disclosure.

FIG. 21 1llustrates an embodiment of a power converter
stack-up with a power converter and power combiner accord-
ing to the mventive principles of this patent disclosure.

FIG. 22 1illustrates an embodiment of a power converter
stack-up with an energy storage device and power combiner
according to the inventive principles of this patent disclosure.

FIG. 23 illustrates an embodiment of an inverter system
according to the inventive principles of this patent disclosure.

FIG. 24 1llustrates a prior art photovoltaic (PV) energy
system for delivering solar energy to a utility grid.

FIG. 25 1llustrates an embodiment of a photovoltaic (PV)
energy system according to the mventive principles of this
patent disclosure.

FIGS. 26-29 illustrate embodiments of integrated power
converter arrangements according to the inventive principles
of this patent disclosure.

FIG. 30 illustrates an embodiment of an integrated power
converter according to the mventive principles of this patent
disclosure.

FIG. 31 illustrates an embodiment of a transceiver accord-
ing to the mventive principles of this patent disclosure.

FIG. 32 illustrates an embodiment of an inverter system
according to the inventive principles of this patent disclosure.
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FI1G. 33 1s a schematic diagram of an embodiment of a main
power path suitable for implementing the inverter system of
FIG. 32 according to the mventive principles of this patent
disclosure.

FI1G. 34 illustrates an embodiment of a PV panel according,
to the inventive principles of this patent disclosure.

FIG. 35 illustrates another embodiment of a PV panel
according to the inventive principles of this patent disclosure.

DETAILED DESCRIPTION

This patent disclosure encompasses numerous nventive
principles relating to energy conversion systems. Such sys-
tems include distributed power converters including power
inverters and/or power rectifiers. Such inverter systems may
be used 1n various applications including but not limited to
solar energy systems, wind power energy systems, thermal
energy systems, various battery systems, fuel cell energy
systems, uninterruptible power supplies, hydroelectric
energy systems, data center systems, communication infra-
structure power supplies, electric and hybrid vehicles, house-
hold power, motor, satellite, acrospace, consumer applica-
tions, etc.

FIG. 1 1llustrates an embodiment of an energy converter
system according to the inventive principles of this patent
disclosure. The system of FIG. 1 includes a DC power source
section 10, a first power converter section 12, an AC power
source section 14, a second power converter section 16 and an
energy storage section 18.

The following descriptions relate to the embodiment of
FIG. 1, as well as other embodiments described below. A DC
power source may be in the form of rechargeable or non-
rechargeable battery, fuel cell, solar cells at the cell, multi-
cell, panel, multi-panel, module, multi-module or grnid level,
or any other DC power source thereof, and in any combina-
tion thereot. Solar cells may be photovoltaic cells, including,
monocrystalline, polycrystalline, thin film, etc. An AC power
source may be 1n the form of an electric grid, consumer
clectronics, e.g., uninterruptable power supply (UPS), or any
other AC power sources thereof, and in any combination
thereot. Any AC sources, distribution systems, components,
etc., may be single phase and/or multi-phase 1n any configu-
ration. Energy storage may be in the form of a rechargeable or
non-rechargeable battery, capacitor, inductor, other charge
storage device and/or element, or any combination thereof.
An AC power combiner may combine sources 1n series or
parallel combination depending for example on the applica-
tion of the power converter system. An AC power combiner
may combine the voltages and/or currents and/or frequency
and/or phase of the individual AC sources 1n any manner, but
preferably 1n a constructive manner and/or at high efficiency.
AC power combining may be single phase and/or multi-
phase. A DC power combiner may combine sources in series
or parallel combination depending for example on the appli-
cation of the power converter system. A DC power combiner
may combine the voltages and/or currents of the individual
DC sources 1n any manner, but preferably in a constructive
manner and/or at high efficiency.

Referring again to FIG. 1, the system may include one or
more power combiners, one or more DC power sources, one
or more AC power sources and one or more energy storage
devices. The energy converter may convert DC power to AC
power and vice versa. The energy converter may include one
or more 1nverters to convert DC power to one or more AC
power sources, for example, at high efficiency. The energy
converter may also consist of one or more rectifiers to convert
AC power to one or more DC power sources and/or for
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storage on energy storage devices, for example, at high elli-
ciency. Each DC power combiner and AC power combiner
may combine power in series or parallel combination in any
manner, preferably constructively and/or at high efficiency.
For DC power combining, one or more DC power sources
and/or energy storage devices may be combined 1n series
and/or parallel combination preferably 1n a constructive man-
ner. For AC power combining, one or more AC power sources
may be combined 1n series or parallel combination preferably
in a constructive manner. AC power combining may be single
phase and/or multi-phase.

Energy may be transierred from one or more DC power
sources through one or more inverters to generate one or more
AC sources when power 1s available at the DC power source
and/or when energy 1s required at the AC power sources. For
example, DC power from one or more photovoltaic cells may
be transierred to one or more AC power grids and/or con-
sumer electronic devices.

Energy may also be transferred from one or more AC
power sources via one or more rectifiers to one or more DC
power sources when power 1s available at the AC power
source and/or when energy i1s required at the DC power
sources and/or when energy storage 1s required. For example,
power from one or more AC power grids may be transierred
to one or more batteries and/or capacitors.

The number of DC power sources that may be combined by
one or more DC power combiners may be any number
between 1 and H, where H may be any positive integer. The
number of DC power combiners may be any number between
1 and W, where W may be any positive integer. The DC power
combiner may not be required to be part of the energy con-
verter system depending, for example, on the application
preferably when all the DC source has known and/or fixed
voltage and/or current characteristic. There may be one or
more rectifiers and/or mverters connected between the DC
power sources and the AC power sources to, for example,
convert energy from DC-AC and vice versa. The number of
rectifiers may be any number between 0 and J, where Jmay be
any positive integer. The number of inverters may be any
number between 0 and K, where K may be any positive
integer.

The number of AC power sources that may be combined
with an AC power combiner may be any number between 1
and L, where L may be any positive integer. The number of
AC power combiners between the AC power sources and
power converters that are connected to DC power sources
may be any number between 1 and X, where X may be any
positive imnteger. The number of AC power combiners between
the AC power sources and power converters that are con-
nected to energy storage devices may be any number between
1 andY, where Y may be any positive integer. The AC power
combiners may not be required to be part of the energy con-
verter system depending, for example, on the application
preferably when all the AC sources have known and/or fixed
voltage and/or current and/or frequency and/or phase charac-
teristics.

There may be one or more rectifiers and/or inverters con-
nected between the AC power sources and the energy storage
devices to, for example, convert energy from DC-AC and vice
versa. The number of rectifiers may be any number between O
and N, where N may be any positive integer. The number of
inverters may be any number between 0 and M, where M may
be any positive integer. The number of energy storage devices
that may be combined with DC power combiners may be any
number between 1 and P, where P may be any positive integer.
The number of DC power combiners on the energy storage
devices may be any number between 1 and Z, where Z may be
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any positive integer. The DC power combiners on the energy
storage devices side may not be required to be part of the
energy converter system depending, for example, on the
application preferably when all the DC sources have known
and/or fixed voltage and/or current characteristics.

FIG. 2 illustrates an embodiment of another energy con-
verter system according to the mventive principles of this
patent disclosure. The system of FIG. 2 includes a DC power
source 20, a first power converter 22, an AC power source 24,
a second power converter 26 and an energy storage device 28.
The energy converter may convert DC power to AC power and
viCe versa.

The energy converter may include one or more mverters to
convert DC power to one or more AC power sources, for
example, at high efliciency. The energy converter may also
consist of one or more rectifiers to convert AC power to one or
more DC power sources and/or for storage on energy storage
devices, for example, at high efficiency. Energy may be trans-
terred from one or more DC power sources through one or
more iverters to generate one or more AC sources when
power 1s available at the DC power sources and/or when
energy 1s required at the AC power sources. For example, DC
power from one or more photovoltaic cells may be transtferred
to the one or more AC power grids and/or consumer electronic
devices.

Energy may be transierred from one or more AC power
sources via one or more rectifiers to one or more DC power
sources when power 1s available at the AC power source
and/or when energy 1s required at the DC power sources
and/or when energy storage 1s required. For example, power
from one or more AC power grids may be transierred to one
or more batteries and/or capacitors.

FIG. 3 illustrates an embodiment of another energy con-
verter system according to the mventive principles of this
patent disclosure. The system of FIG. 3 includes a DC power
source 30, a power converter 32, and an AC power source 34.
The energy converter may convert DC power to AC power and
viCe versa.

The energy converter may consist of one or more 1mverters
to convert DC power to one or more AC power sources, for
example, at high elficiency. The energy converter may also
consist of one or more rectifiers to convert AC power to one or
more DC power sources and/or for storage on energy storage
devices, for example, at high efficiency.

Energy may be transiferred from one or more DC power
sources through one or more inverters to generate one or more
AC sources when power 1s available at the DC power source
and/or when energy 1s required at the AC power sources. For
example, DC power from one or more photovoltaic cells may
be transferred to the one or more AC power grids and/or
consumer electronic devices.

Energy may be transierred from one or more AC power
sources via one or more rectifiers to one or more DC power
sources when power 1s available at the AC power source
and/or when energy 1s required at the DC power sources
and/or when energy storage 1s required. For example, power
from one or more AC power grids may be transferred to create
one or more DC power supplies for various applications.

FIG. 4 illustrates an embodiment of another energy con-
verter system according to the mventive principles of this
patent disclosure. The system of FIG. 4 includes an AC power
source 36, a power converter 38 and an energy storage device
40. The energy converter may convert DC power to AC power
and vice versa.

The energy converter may consist of one or more 1nverters
to convert DC power to one or more AC power sources, for
example, at high efficiency. The energy converter may also
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consist of one or more rectifiers to convert AC power to one or
more DC power sources and/or for storage on energy storage
devices, for example, at high efliciency.

Energy may be transierred from one or more energy stor-
age devices through one or more mnverters to generate one or
more AC sources when power 1s available at the energy stor-
age devices and/or when energy 1s required at the AC power
sources. For example, DC power from one or more batteries
or capacitors may be transierred to the one or more AC power
orids and/or consumer electronic devices.

Energy may be transferred from one or more AC power
sources via one or more rectifiers to one or more DC power
sources, when power 1s available at the AC power source
and/or when energy 1s required at the DC power sources
and/or when energy storage 1s required. For example, power
from one or more AC power grids may be transferred to one
or more batteries and/or capacitors.

FIG. 5 illustrates an embodiment of power combining cir-
cuitry with AC power sources 1n parallel combination accord-
ing to the mventive principles of this patent disclosure. The
parallel combination of the individual AC power sources 42
may be arranged such that the currents of some or all of the
individual AC power sources may be combined in any way to
provide the combined AC power source 44, but preferably in
a constructive manner. The AC power sources may be phase
shifted and/or adjusted so that one or some or all of the AC
currents add together constructively. The number of AC
power sources that may be combined 1n parallel combination
may be 1 to N, where N 1s any positive integer.

FIG. 6 illustrates an embodiment of power combining cir-
cuitry with AC power sources 1n series combination accord-
ing to the mventive principles of this patent disclosure. The
series combination of the individual AC power sources 46
may be arranged such that the voltages of some or all of the
individual AC power sources may be combined in any way to
provide the combined AC power source 48, but preferably in
a constructive manner. The AC power sources may be phase
shifted and/or adjusted so that one or more or all of the AC
voltages add together constructively. The number of AC
power sources that may be combined 1n series combination
may be 1 to N, where N 1s any positive integer. AC power
combining may be single phase and/or multi-phase.

FIG. 7 1llustrates an embodiment of power combining cir-
cuitry with DC power sources 1n parallel combination accord-
ing to the mventive principles of this patent disclosure. The
parallel combination of the individual DC power sources 350
may be arranged such that the currents of some or all of the
individual DC power sources may be combined 1n any way to
provide the combined DC power source 352, but preferably in
a constructive manner. The number of DC power sources that
may be combined 1n parallel combination may be 1 to N,
where N 1s any positive integer.

FIG. 8 illustrates an embodiment of power combining cir-
cuitry with DC power sources 1n series combination accord-
ing to the mventive principles of this patent disclosure. The
series combination of the individual DC power sources 54
may be arranged such that the voltages of some or all of the
individual DC power sources may be combined 1n any way to
provide the combined DC power source 56, but preferably in
a constructive manner. The number of DC power sources that
may be combined 1n series combination may be 1 to N, where
N 1s any positive integer.

FIG. 9 illustrates an embodiment of a power converter
stack-up with an AC power source according to the inventive
principles of this patent disclosure. The embodiment of FIG.
9 1includes an AC power source 62, N DC power sources 58
and M energy storage devices 66. The single AC power source
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may be connected to one or more DC power sources and/or
one or more energy storage devices. The single AC power
source may include power combining circuitry where AC
power may be added, preferably in a constructive manner.
The power combining circuitry may provide a parallel and/or
series combination where the AC currents at the outputs of
one or more or all of the power converters 60 may be added,
preferably 1n a constructive manner. Also, the AC voltages of
one or more or all AC of the outputs of power converters 64
may be added, preferably 1n a constructive manner. AC power
combining may be single phase and/or multi-phase.

The number of DC power sources that may be combined in
series and/or parallel combination may be 1 to N, where N 1s
any positive integer. The number of energy storage devices
that may be combined 1n series and/or parallel combination
may be 1 to M, where M 1s any positive integer. N may be less
than, greater than or equal to M.

FIG. 10 illustrates another embodiment of a power con-
verter stack-up with an AC power source according to the
inventive principles of this patent disclosure. The embodi-
ment of FI1G. 10 includes an AC power source 72, N DC power
sources 68 and L energy storage devices 76. The single AC
power source may be connected to one or more DC power
sources and/or one or more energy storage devices. The single
AC power source may include power combining circuitry
where AC power may be added, preferably in a constructive
manner. The power combining circuitry may provide a par-
allel and/or series combination where the AC currents of one
or more or all of the outputs of power converters 70 may be
added, preferably 1n a constructive manner. Also, the AC
voltages ol one or more or all of the outputs of power con-
verters 74 may be added, preferably 1n a constructive manner.
AC power combining may be single phase and/or multi-
phase.

The number of DC power sources that may be combined in
series and/or parallel combination may be 1 to N, where N 1s
any positive integer. The number of power converters on the
DC power source side may be 1 to M, where M 1s any positive
integer. The number of power converter on the energy storage
side may be 1 to K, where K 1s any positive integer. The
number of energy storage devices that may be combined in
series and/or parallel combination may be 1 to L, where L 1s
any positive integer. The number of DC power sources may be
less than, greater than or equal to the number of power con-
verters they are connected to. The number of energy storage
devices may be less than, greater than, or equal to the number
of power converters they are connected to.

FIG. 11 illustrates another embodiment of a power con-
verter stack-up with an AC power source according to the
inventive principles of this patent disclosure. The embodi-
ment ol FIG. 11 includes an AC power source 82 connected to
N DC power sources 78. The AC power source may include
power combining circuitry where AC power may be added,
preferably in a constructive manner. The power combining,
circuitry may provide a parallel and/or series AC combination
where the AC currents of one or more or all of the outputs of
power converters 80 may be added, preferably 1n a construc-
tive manner.

The number of DC power sources that may be combined in
series and/or parallel combination may be 1 to N, where N 1s
any positive integer. The number of power converters may be
1 to M, where M 1s any positive integer. The number of DC
power sources may be less than, greater than or equal to the
number of power converters they are connected to.

FIG. 12 illustrates another embodiment of a power con-
verter stack-up with an AC power source according to the
inventive principles of this patent disclosure. The embodi-
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ment of FIG. 12 includes an AC power source 84 connected to
M energy storage devices 88. The single AC power source
may 1include power combining circuitry where AC power may
be added, preferably in a constructive manner. The power
combining circuitry may provide a parallel and/or series com-
bination where the AC currents of one or more or all AC
currents at the outputs of power converters 86 may be added,
preferably 1n a constructive manner.

The number of power converters may be 1to N, where N 1s
any positive iteger. The number of energy storage devices
that may be combined 1n series and/or parallel combination
may be 1 to M, where M 1s any positive integer. The number
ol energy storage devices may be less than, greater than, or
equal to the number of power converters they are connected
to.

FIG. 13 illustrates an embodiment of a power converter
stack-up with a DC power source according to the inventive
principles of this patent disclosure. The embodiment of FIG.
13 includes a DC power source 90, N+K power converters 92
and 96, M AC power sources 94 and L energy storage devices
98. The single DC power source may be connected to one or
more of the AC power sources and/or one or more energy
storage devices via the power converters. The single DC
power source may include power combining circuitry where
DC power may be added, preferably 1n a constructive manner.
The power combining circuitry may provide a parallel and/or
series combination where the DC currents of one or more or
all of the outputs of power converters 92 may be added,
preferably 1n a constructive manner.

The number of power converters on the DC power source
side may be 1 to N, where N 1s any positive integer. The
number of AC power sources may be 1 to M, where M 1s any
positive imnteger. The number of power converter on the energy
storage side may be 1 to K, where K 1s any positive integer.
The number of energy storage devices that may be combined
in series and/or parallel combination may be 1 to L, where L
1s any positive integer. The number of energy storage devices
and/or AC power sources may be less than, greater than, or
equal to the number of power converters they are connected
to.

FIG. 14 1llustrates another embodiment of a power con-
verter stack-up with a DC power source according to the
inventive principles of this patent disclosure. The embodi-
ment of FIG. 14 includes a DC power source 100, N power
converters 102 and M AC power sources 104. The single DC
power source may be connected to one or more AC power
sources via power the converters 102. The single DC power
source may include power combining circuitry where DC
power may be added, preferably 1n a constructive manner.
The power combining circuitry may provide a parallel and/or
series combination where the DC currents of one or more or
all outputs of the power converters may be added, preferably
in a constructive manner.

The number of power converters may be 1 to N, where N 1s
any positive integer. The number of AC power sources may be
1 to M, where M 1s any positive integer. The number of AC
power sources may be less than, greater than, or equal to the
number of power converters they are connected to.

FIG. 15 1llustrates an embodiment of a power converter
stack-up with an energy storage device according to the
inventive principles of this patent disclosure. The embodi-
ment of FIG. 15 includes an energy storage device 114, M+L
power converters 108 and 112, N DC power sources 106, and
K AC power sources 110. The single energy storage device
may be connected to one or more DC power sources and/or
one or more AC power sources via the power converters. The
single energy storage device may include power combining
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circuitry where DC power may be added, preferably in a
constructive manner. The power combining circuitry may
provide a parallel and/or series combination where the DC
currents of one or more or all of the outputs of the power
converters may be added, preferably 1n a constructive manner.

The number of DC power sources may be 1 to N, where N
1s any positive integer. The number of power converters on the
DC power source side may be 1 to M, where M 1s any positive
integer. The number of AC power sources may be 1 to K,
where K 1s any positive integer. The number of power con-
verters on the energy storage side may be 1 to L, where L 1s
any positive integer. The number of AC power sources and/or
DC power sources may be less than, greater than, or equal to
the number of power converters they are connected to.

FIG. 16 illustrates another embodiment of a power con-
verter stack-up with an energy storage device according to the
inventive principles of this patent disclosure. The embodi-
ment of FIG. 16 includes an energy storage device 120, M
power converters 118, and N AC power sources 116. The
single energy storage device may be connected to one or more
AC power sources via the power converters. The single
energy storage device may include power combining cir-
cuitry where DC power may be added, preferably 1n a con-
structive manner. The power combining circuitry may pro-
vide a parallel and/or series DC combination where the DC
currents of one or more or all of the outputs of the power
converters may be added, preferably 1n a constructive manner.

The number of AC power sources may be 1 to N, where N
1s any positive integer. The number of power converters may
be 1 to M, where M 1s any positive integer. The number of AC
power sources may be less than, greater than, or equal to the
number of power converters they are connected to.

FIG. 17 1llustrates an embodiment of a power converter
stack-up with a power converter and power combiner accord-
ing to the inventive principles of this patent disclosure. The
embodiment ol FIG. 17 includes a power converter and power
combiner 124, energy storage devices 130, power converters
128, AC power sources 126 and DC power sources 122. The
power converter and combiner may be connected to one or
more AC power sources and/or DC power sources and/or
energy storage devices.

The number of DC power sources may be 1 to N, where N
may be any positive integer. The number of AC power sources
may be 1 to M, where M may be any positive integer. The
number of power converters may be 1 to K, where K may be
any positive iteger. The number of energy storage devices
may be 1 to L, where L 1s any positive integer.

FIG. 18 illustrates another embodiment of a power con-
verter stack-up with a power converter and power combiner
according to the inventive principles of this patent disclosure.
The embodiment of FIG. 18 includes a power converter and
power combiner 138, energy storage devices 140, power con-
verters 134, AC power sources 136 and DC power sources
132. The power converter and combiner may be connected to
one or more AC power sources and/or DC power sources
and/or energy storage devices.

The number of DC power sources may be 1 to N, where N
may be any positive imnteger. The number of power converters
may be 1 to M, where M may be any positive integer. The
number of AC power sources may be 1 to K, where K may be
any positive mteger. The number of energy storage devices
may be 1 to L, where L 1s any positive integer.

FIG. 19 1llustrates an embodiment of a power converter
stack-up with two power converters and power combiners
according to the inventive principles of this patent disclosure.
The embodiment of FIG. 19 includes DC power sources 142,
a first power converter and power combiner 144, AC power
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sources 146, a second power converter and power combiner
148, and energy storage devices 150. The DC power sources
may be connected to the first power converter and power
combiner. The AC power sources may be connected between
the first and second power converters and power combiners.
The energy storage devices may be connected to the second
power converter and power combiner.

The number of DC power sources may be 1 to N, where N
may be any positive integer. The number of AC power sources
may be 1 to M, where M may be any positive integer. The
number of energy storage devices may be 1 to K, where K 1s
any positive integer.

FIG. 20 illustrates an embodiment of a power converter
stack-up with a DC power source and power combiner
according to the inventive principles of this patent disclosure.
The embodiment of FIG. 20 includes a DC power source and
power combiner 152 which may be connected to energy stor-
age devices 156 through power converters 154. The number
of power converters may be 1 to M, where M may be any
positive iteger. The number of energy storage devices may
be 1 to K, where K 1s any positive integer.

FIG. 21 1llustrates an embodiment of a power converter
stack-up with a power converter and power combiner accord-
ing to the mventive principles of this patent disclosure. The
embodiment of FIG. 21 includes a power converter and power
combiner 160, DC power sources 158, and energy storage
devices 162. The number of DC power sources may be 1 to N,
where N may be any positive integer. The number of energy
storage devices may be 1 to K, where K 1s any positive integer.

FIG. 22 1illustrates an embodiment of a power converter
stack-up with an energy storage device and power combiner
according to the inventive principles of this patent disclosure.
The embodiment of FIG. 22 includes an energy storage
device and power combiner 168 which may be connected to
DC power sources 164 through power converters 166. The
number of DC power sources may be 1 to N, where N may be
any positive integer. The number of power converters may be
1 to M, where M 1s any positive integer.

FIG. 23 illustrates an embodiment of an inverter system
according to the inventive principles of this patent disclosure.
The system of FIG. 23 may be designed to convert DC power
from any type of DC power source 170 to AC power. The AC
power mverter may be single phase and/or multi-phase. It
may 1nclude one or more power controls 172, one or more
power converters 174, one or more power circuits and/or
drivers 176, one or more filters 178, one or more analog
control blocks 180, one or more digital signal processors
(DSPs) 182, one or more sensing circuits 184, one or more
analog-to-digital converters (ADCs) 186, one or more digital-
to-analog converters (DACs) 188, one or more multiplexer
circuits 190, one or more transceivers 192, one or more
energy storage devices 194, one or more power management
blocks 196, and one or more protection circuits 198.

The power control block 172 may control the power that
flows through the inverter circuits. For example, 1t may be
designed to maximize the power conversion eificiency of the
inverter. It may also be include maximum power point track-
ing (MPPT) to assure the inverter 1s operating at the maxi-
mum power available from the DC power source. The power
control block may also be designed to control power 1n the
iverter 1 response to changes in the environment, for
example, variations in temperature, and/or pressure, and/or
humidity, and/or light illumination, and/or availability of
mput DC power. The power control block may also be
designed to accommodate other operational factors, for
example, variations 1n integration process whether inter-pro-
cess, Intra-process and/or voltage supply.
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The power converter 174 may convert one or more DC
input voltages and/or currents to one or more DC output
voltages and/or currents, preferably at high power conversion
eiliciency. The power converter may be designed to step-up
(1.e. boost) the mnput DC voltage to a higher output DC voltage
and/or step-down (1.e. buck) the input DC voltage to a lower
output DC voltage depending on, for example, the specific
application the inverter system 1s mtended for. The power
converter circuit may also be designed to provide both step-up
and step-down (1.e. buck-boost/boost-buck) operation and/or
to generate multiple output DC voltages from a single input
(c.g. as 1n a fly-back converter). The mput voltages to, and
output voltages from, the power converter may be a positive
or negative signals. The output voltages may be of the same
polanty different polarity relative to the mput voltages
depending, for example, on the specific application that the
mverter system 1s intended for. The DC power converter
circuit may be in the form of a linear and/or a switching
regulator. Pulse width modulated signals may be used to
control one or more output voltages of the DC power conver-
s1on, for example, 1n switching voltage regulators.

The power circuits and/or drivers block (power driver cir-
cuit) 176 may convert one or more DC voltages and/or cur-
rents to one or more AC voltages and/or currents preferably at
high power conversion efliciency and/or low total harmonic
distortion (THD). Passive or active filters may be included
within the power driver circuit, for example, to reduce har-
monic distortion 1 the DC-AC power conversion. Power
switches may also be implemented within the power driver
circuit, for example, to drive high power AC devices and/or to
withstand high output voltages.

The protection circuit 198 may be included to protect the
inverter system and/or protect any or all circuitry connected to
the mverter system. The protect circuitry may limit the volt-
age, and/or current, and/or temperature of the circuitry 1t
protects from exceeding a certain range, for example, to pro-
tect 1t from damage. The protection circuitry may have over-
voltage protection capability and/or under-voltage protection
capability to limit the voltage range of the mverter system
and/or the circuitry it 1s protecting. The protection circuitry
may also have over-current and/or under-current protection
capability to limit the current range of the mverter system
and/or the circuitry it 1s protecting. The protection circuitry
may also have over-temperature and/or under-temperature
protection capability to limit the current range of the inverter
system and/or the circuitry 1t 1s protecting.

The filter block 178 may include active and/or passive
circuitry. The filter may be designed to reduce the total har-
monic distortion (THD) 1n the inverter system. The filter may
be low pass, high pass, band pass and/or band reject depend-
ing, for example, on the mtended purpose of the filter. The
filter may be designed with only passive elements, for
example, resistors and/or capacitors and/or inductors, or the
filter may include active components, for example, opera-
tional amplifiers (op amps).

Analog control block 180 may be included to provide
analog control of the power converter and/or driver circuitry,
preferably to improve power conversion efficiency. The ana-
log control may be designed as a feed back loop to the DC-DC
power converter and/or DC-AC power driver circuitry, for
example, to dynamically control and maximize the power
conversion eificiency of these circuit blocks.

Sensing circuitry 184 may be included to sense voltages
and/or currents at any location 1n the inverter system. The
sensing circuit may be designed to sense one or more DC
voltages and/or currents at, for example, the DC power source
and/or at the output of the DC power converter. The sensing
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circuit may also be designed to sense one or more AC voltages
and/or currents at, for example, the AC power source and/or at
the output of the DC-AC power converter and/or power driver
circuit.

Energy Storage Device 194 may be 1n the form of recharge-
able or non-rechargeable battery, inductor, capacitor, other
charge storage device and/or element, or any combination
thereof.

Analog/Digital converter (ADC) 186 may be designed to
convert one or more analog signals of any form to digital
signals. The digital signal to the DSP may be sampled with
Nyquist sample, oversampling or any other sampling meth-
ods, or any combination thereof. Digital/Analog Converter
(DAC) 188 may be designed to convert digital signals to
analog signals of any form. The digital signal to the DSP may
be sampled with Nyquist sampling, oversampling or any
other sampling methods, or any combination thereof.

Digital signal processor (DSP) 182 may be designed and/or
optimized, for example, for low power operation and/or for
high speed operation. The DSP core may include an internal
analog/digital converter to convert analog signal of any form
to digital signals. The DSP core may be 1n the form of appli-
cation specific mtegrated circuit (ASIC) and/or field pro-
grammable gate arrays depending, for example, on the spe-
cific application the mverter system 1s mntended for. The
digital signal processor may be designed to process digital
signals, for example, in the time domain, and/or frequency
domain, and/or spatial domain, and/or wavelet domain and/or
autocorrelation domain. The DSP block may consist of ran-
dom access memory (RAM) that may be read/write or read
only memory (ROM) that may be preprogrammed or electri-
cally erasable (1.e. EEPROM). The type of ROM and/or RAM
use may be of any type including flash and/or non-volatile
memory. The digital signal to the DSP may be sampled with
Nyquist sampling, oversampling or any other sampling meth-
ods, or any combination thereof. The DSP may be designed to
include one or more digital filters, for example, finite impulse
response (FIR) filters and/or infinite impulse response (1IR)
filters.

The DSP core may be designed to implement maximum
power point tracking (MPPT) for the inverter to, for example,
assure the mmverter 1s operating at and/or close to the maxi-
mum power. Pulse width modulation (PWM) of signals may
be implemented with the DSP core to, for example, imple-
ment the control circuitry for the DC-DC power converter.
The DSP may be programmed to act as an active filter for
reducing harmonic distortion, for example, 1n the power con-
verter from DC-AC. The DSP may be programmed to control
switching of circuitry within the inverter system, for example,
the DC-AC power conversion circuit. The DSP may also be
programmed to add intelligence to the power control circuit,
for example, to find the maximum power point and/or bypass-
ing ol damaged or ineificient DC power sources as part of the
inverter system.

Multiplexer 190 may be designed to choose between dii-
terent digital and/or analog 1nput sources. The multiplexer
circuitry may be designed to select between the different
sensing circuitry (for example) voltage and/or current sensing
and/or any other digital and/or analog signal.

Transceiver 192 may be design to communicate through
circuitry outside of the imnverter for example, through the
power line and or wireless links. The transceiver may include
a line interface circuit to, for example, interface the power
orid to the transceiver. The transceiver may include one or
more low noise amplifiers (LNA) to, for example, amplity the
receive signal with low noise figure and/or high gain. The
transcerver may include automatic gain control (AGC), for
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example, to automatically control the gain of the recerver. The
transceiver may include driver circuits, for example, to drive
the transmitted signals at high gain and/or efliciency. The
transceiver may include a bufler circuit, for example, to
amplify the signal to the driver circuitry. The transcerver may
include on or more filters, for example, to filter unwanted
frequency contents, 1.e. high frequency noise. The transcerver
may include 1ts own ADC and DAC, for example, to convert
analog signals to digital signal and vice versa.

Power management block 196 may be designed to supply
a stable DC power source to the inverter system. Power man-
agement may include one or more switches or circuitry which
controls, monitors and/or analyzes (1) the power conversion
operation of the inverter system and/or components thereof
(for example, the DC-DC and/or DC-AC power conversion
circuitry) (1) the operating characteristics of the inverter and/
or components thereof, (111) the characteristics of the output
power ol the mverter system (for example, current, voltage
and temporal characteristics thereof), (1v) the storage opera-
tion of one or more of the charge storage or other energy
storage devices and/or charge or energy supplied thereto (via,
for example, the mverter system), and/or (v) the characteris-
tics of the output power of one or more of the charge storage
or other energy storage devices (for example, current, voltage
and temporal characteristics thereot).

The features described above may be utilized in various
combinations according to the inventive principles, and vari-
ous features may be included or omitted 1n some embodi-
ments depending on the application. For example, power
control may be included when maximum power point track-
ing (MPPT) 1s included as part of the system, but may be
excluded, for example, when the power coming from the DC
power source 1s ixed and/or when the AC load may be modu-
lated to operate at the peak output power. As another example,
DC power conversion may not be included as part of the
inverter when DC voltage and/or current 1s sufficient for
direct conversion to AC voltage and/or current. Filters may
not be included as part of the mverter system when, for
example, the total harmonic distortion of the inverter system
does not need to be suppressed and/or when the number of
external components may be minimized to reduce system
cost. The analog control block may not be included, for
example, when feedback from the analog control 1s not
required and/or when the DC-DC and DC-AC power convert-
ers does not need to be dynamically controlled and/or when
power conversion efficiency of these circuit blocks does not
need to be maximized.

The digital signal processor (DSP) may not be included as
part of the inverter system when, for example, digital process-
ing 1s not required by the mnverter system and/or when the
inverter system requirements are simple to reduce cost and/or
when the operation required of the DSP can be reproduced
with other internal and/or external circuitry. The sensing cir-
cuitry may not be included as part of the mverter system
when, for example, no DC and/or AC 1s needed for maximum
power point tracking and/or monitoring of the AC load 1s not
needed. The multiplexer circuitry may not be included as part
of the inverter system when, for example, when multiplexing
of analog and/or digital signals 1s not required. The trans-
ceiver circultry may not be included when, for example, data
transmission of any kind 1s not needed. An energy storage
device may not be included as part of the verter system
when, for example, energy storage of any kind 1s not needed.
The power management feature may not be included when,
for example, power management and/or power control and/or
power conditioning of any kind 1s not needed. Protection
circuitry may not be included as part of the iverter system
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when, for example, the mverter system has externally con-
nected protection circuitry and/or the voltages and/or current
and/or temperature of the protection circuit may be externally
controlled.

FIG. 25 1llustrates an embodiment of a photovoltaic (PV)
energy system according to the mventive principles of this
patent disclosure. The system of FIG. 25 may include a PV
array ol one or more solar cells 202 and/or solar panels 202
and/or modules and/or solar grids, one or more integrated
power converters 206, one or more remote monitoring and/or
recording computers 208, one or more AC distribution panels
210, one or more power line data interfaces 212, one or more
meters 214 and/or AC wiring.

The photovoltaic power conversion may be performed at
the cell, and/or multi-cell, and/or panel, and/or multi-panel,
and/or module, and/or multi-module, and/or grid level.

In some embodiments, an integrated power converter may
be fabricated entirely on a single integrated circuit (IC) (or
“chip”), including all passive components. In other embodi-
ments, 1t may be preferable to have the largest passive com-
ponents such as inductors, transformers and capacitors
located off the IC. In some other embodiments, the integrated
power converter may be fabricated on multiple 1Cs, for
example 1 a multi-chip module (MCM), 1n which case vari-
ous key active or passive components may be located on the
same chip or chips as the remainder of the semiconductor
devices and/or on a separate chip or chips and/or off-chip, for
example, on a common substrate within the package or pack-
ages or outside the package or packages.

An 1ntegrated power converter may be designed to, for
example, reduce the cost of the solar energy conversion sys-
tem and/or improve the power conversion elficiency and/or
improve system reliability and/or improve diagnostics and
maintenance. By integrating one or more functions of an
inverter system on an integrated circuit, an integrated power
converter may be able to implement these functions at more
relaxed specifications.

Remote monitoring/recording Computer 208 may record
power output of the solar energy conversion system at, for
example, the cell level. It may be designed to, for example,
monitor shading effects of the individual solar cell and or
monitor which solar cell and/or group of solar cells are not
operating and/or inetficiently operating.

AC distribution panel 210 may be designed to divide the
main electrical lines and/or source 1nto various electrical cir-
cuits. The AC distribution panel may consist of one or more
fuses and/or one or more circuit breakers and/or one or more
main switches.

Power line data interface 212 may be designed to commu-
nicate across the power line to the remote monitoring/record-
ing computer. The power line data interface may consist of a
wireless link to communicate with the remote monitoring/
recording computer. The power line data interface may also
be designed to receive critical data.

The system of FIG. 253 may reduce the cost of a solar energy
system, for example, by reducing the number of external
components and/or number of magnetic components. An
integrated power converter implementation may be designed
to, for example, reduce or eliminate DC wiring and/or cabling
issues, and/or reduce or eliminate cable trays or conduits,
and/or reduce or eliminate DC fuses and/or connectors. With
reduced or no DC wiring, no DC surge protection and/or
junction box and/or ground fault detection and/or protection
devices may be required. With no DC wires, DC training
and/or certifications are not required for the installation of
such a system.
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With the inverter functions distributed in an integrated
power converter implementation, the power driving capacity
and voltage across each individual integrated power converter
may be reduced. Reducing the power driving and voltage
driving specifications of the integrated power converter may
reduce the cost of the individual integrated power converters.
Fewer or no blocking diodes may be required at lower power
drive and/or less or no integration of bypass diodes are
required. At lower voltages across the integrated power con-
verter, the integrated power converter may be designed in
standard high-voltage CMOS processes and may be designed
to 1ncrease power conversion elliciency of the solar energy
system.

Integration of one or more inverter functions 1 a high
voltage CMOS process and/or at lower power may reduce
noise 1n the system and/or improve electromagnetic interter-
ence and/or may improve localized maximum power point
tracking (MPPT). With the inverter integrated on a chip, the
assembly process of the solar energy system may be made
very simple to reduce the assembly cost associated with the
system. The imdividual inverter may be designed and pack-
aged such that 1t 1s easily integrated into the solar energy
system assembly. The packaging of a solar energy system at
the panel and/or module level may be implemented so that
additional panels and/or modules may be easily added or
removed. The integrated power converter implementation
may be designed for adaptive islanding where power 1n the
whole array 1s not lost and/or for improved reliability and/or
better grid reliability and/or component reliability due to
lower voltage and power scaling. It may also be designed to
automatically resolve cross circulatory current with natural
load distribution and/or with active harmonic control and/or
for easy implementation of advanced control algorithms.

A distributed mverter system according to the inventive
principles of this patent disclosure may be designed such that
it 1s optimized for lower system cost, and/or higher system
performance, and/or improved reliability, and/or ease of inte-
gration, and/or diagnostics and maintenance. Diagnostics
and/or maintenance may be improved by, for example, reduc-
ing ground fault detection and/or eliminating the need for
inverter shelter and/or adding the ability to detect faulty cir-
cuitry remotely and/or automatically detect faulty and/or
dead 1nverters.

Compared to conventional inverter systems, a distributed
inverter method according to the mventive principles of this
patent disclosure may be optimized for lower system cost, for
example, by reducing or eliminating altogether the number of
external and/or custom off the shelf components, and/or high
cost components (for example transformers) and/or DC wir-
ing and/or DC cable trays and/or conduits and/or fuses and/or
over current protection circuitry and/or required holders and/
or DC connectors, and/or DC surge protection circuitry, and/
or junction boxes, and/or blocking diodes, and/or heavy duty
clectronics (e.g. transformers).

Other cost saving advantages may be realized since stan-
dard AC side wiring 1s typically less expensive and/or
requires little or no specialized DC training and certification.
Additional cost savings may be realized because of natural
integration and/or replacement of PV modules and/or bypass
diodes and/or adaptation to shadowing of small to large size
areas ol a PV structure and/or reduction in the amount of
equipment to ship and/or handle and/or mount a modular
stackable array.

The distributed inverter methods according to the inventive
principles of this patent disclosure may be optimized for
higher energy output and/or increased energy extraction and/
or increased power conversion elliciency, for example, by

10

15

20

25

30

35

40

45

50

55

60

65

16

limiting or eliminated the losses due to shadowing 1n photo-
voltaic systems. Methods of increasing energy extraction
and/or increased power conversion eificiency may include
but are not limited to implementation of localized maximum
power point tracking of individual mput DC sources.

FIGS. 26-29 illustrate embodiments of integrated power
converter arrangements according to the inventive principles
of this patent disclosure. An integrated power converter may
be 1nstalled at the cell, and/or multi-cell, and/or panel, and/or

multi-panel, and/or module, and/or multi-module, and/or grid
level.

At the cell level, as shown 1n FIG. 26, there may be one or
more integrated power converters 216 per cell 218.

At the multi-cell level, as shown in FIG. 27, there may be
one or more integrated power converters 220 for each subset
222 of cells. The number of cells for each subset maybe two
or more, however, there may be additional benefits where the
number of cells per subset 1s a multiple o1 2, 4, 6, 8, 9 or 12.

At the panel level, there may be one integrated power
converter 224 at each panel 226 as shown 1n FIG. 28. Alter-
natively, there may be multiple integrated power converters
228 at each panel 230 as shown 1n FIG. 29.

At the multi-panel level, there may be one or more nte-
grated power converters for each subset of panel. The number
ol panels 1n the subset may be two or more. At the module
level, there may be one or more integrated power converters
for every module. At the multi-module level, there may be one
or more integrated power converters for each subset of mod-
ule. The number of modules 1n a subset may be two or more.
At the grid level, the number of integrated power converters
may be one or more for every grid.

At the multi-cell, panel, multi-panel, module, multi-mod-
ule, and gnid level, the integrated power converters may be
placed so that they may, for example, reduce the amount of
AC wiring. There may be one or more integrated power
converters for every single panel. The integrated power con-
verters may be located close together, for example, for ease of
integration or they may be located turther apart, for example,
cach at a particular solar cell.

In any embodiment, multiple inverters may be located in a
single housing, 1n multiple housings, 1n no housing, etc. In
some embodiments, a housing may be a separate component,
while 1n other embodiments, a housing may be part of some
other system component. For example, in the embodiment of
FIG. 29, the multiple integrated power converters 228 may be
located 1n a common housing attached directly to the panel
230, or located separately from the panel, e.g., on a rack that
holds the panel. Alternatively, the integrated power convert-
ers may be located 1n separate housings, or smaller groups of
the integrated power converters may be located 1n multiple
housings, either mounted directly to the panel, and/or sepa-
rately from the panel, etc. In yet other embodiments, or more
of the mtegrated power converters may be housed in some
other system component such as an encapsulant on a panel.

FIG. 30 1llustrates an embodiment of an integrated power
converter according to the inventive principles of this patent
disclosure. Though shown 1n the context of a photovoltaic
system, the embodiment of FIG. 30 may be utilized with any
other type of DC power source.

The system of FIG. 30 may include some or all of the
following components: a controller 232, shadow bypass con-
trol 234, power conditioning converter 236, power circuitry
and driver 238, passive filter 240, analog control loop 242,
transcerver circuit 244, energy storage conditioming 246,
power conditioming 248, power switches 2350, voltage refer-
ence circuit 252, startup circuit 254, multiplexers 256, sens-
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ing circuitry 2358, ADC 260, clock generation circuit 262,
external crystal oscillator 264, and/or energy storage device
266.

The controller 232 may include any type of logic including,
a digital signal processor (DSP), microcontroller, etc., and
may be designed and/or optimized, for example, for low
power operation and/or for high speed operation. The con-
troller may implement any or all of the following functional-
1ty: maximum power point tracking, active filtering, HD con-
trol, power Tfactor control, wavelorm generation,
optimization, switch control, configuration management,
shutdown control, startup control, and/or shadow bypass con-
trol.

The DSP core may include internal analog/digital convert-
ers to convert analog signal of any forms to digital signals.
The DSP core may be 1n the form of application specific
integrated circuit (ASIC) and/or field programmable gate
arrays depending, for example, on the specific application the
inverter system 1s intended for. Digital signal processing may
be included to process digital signals, for example, in the time
domain, and/or frequency domain, and/or spatial domain,
and/or wavelet domain and/or autocorrelation domain. The
digital signals to the DSP may be sampled with Nyquist
sampling, oversampling or any other sampling methods, or
any combination thereof. The DSP may be designed to
include digital filtering, for example, finite impulse response
(FIR) filters and/or infinite impulse response (1IR) filters.

The DSP core may be designed to implement maximum
power point tracking (MPPT) for the inverter to, for example,
assure the mverter 1s operating at and/or close to the maxi-
mum power. Pulse width modulation (PWM) of signals may
be implemented with the DSP core to, for example, imple-
ment the control circuitry for a DC-DC power converter. The
DSP may be programmed to act as an active filter for reducing
harmonic distortion, for example, 1n the power converter from
DC-AC. The DSP may be programmed to control switching
of circuitry within the iverter system, for example, the DC-
AC power conversion circuit. The DSP may also be pro-
grammed to add intelligence to the power control circuit, for
example, to find the maximum power point and/or bypassing
of damaged or melficient DC power sources as part of the
inverter system.

Additional functionality provided by the controller may
include HD control, PF control, waveform generation, opti-
mization, configuration management, shutdowns, etc.

Shadow bypass control 234 may be designed to control the
power that flows through the solar energy inverter circuits, for
example, when power 1s available from the photovoltaic cells
that the block 1s connected to. The shadow bypass control
circuitry may also be designed so that one or more or all
photovoltaic cells connect to 1t may be disabled, for example,
when the light illumination on the photovoltaic cell or cells 1s
low. The shadow bypass control circuitry may be design for
the bypassing of damaged or 1nelficient photovoltaic cells as
part of a solar energy inverter system. The shadow bypass
control block may be designed such that the power conversion
eificiency of the mverter may be maximized.

Maximum power point tracking (MPPT) may be designed
as part ol the shadow bypass control to, for example, assure
the 1verter 1s operating at maximum power. The shadow
bypass control may also be designed to control power 1n the
inverter 1 response to changes in the environment, for
example, variations in temperature, and/or pressure, and/or
humidity, and/or light illumination, and/or availability of
input DC power. The shadow bypass control circuitry may be
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designed to account for other factors, for example, vanations
in the itegration process whether inter-process or intra-pro-
cess and/or voltage supply.

Power conditioning converter 236 may be designed to con-
vert a DC voltage to one or more DC voltages preferably at
high power conversion etliciency. The power conditioning
converter may be designed to step-up (1.e. boost) the input DC
voltage to a higher output DC voltage and/or the power con-
verter may be designed to step-down (1.e. buck) the input DC
voltage to a lower output DC voltage depending on, for
example, the specific application the iverter system 1is
intended for. The power conditioning converter circuit may
also be design to operate for both step-up and step-down (i.¢.
buck-boost/boost-buck) and/or designed to generate multiple
output DC voltages from a single input (e.g., as 1n a fly-back
converter). The mput DC voltages and output DC voltages to
the power converter may be a positive or negative signals. The
output DC voltages may be of the same or different polarities
relative to the input DC voltages depending, for example, on
the specific application that the inverter system 1s itended
for. The DC power conditioning converter circuit may be 1n
the form of a linear and/or switching regulator. Pulse width
modulated signals may be used to control one or more output
voltages of the DC power conversion, for example, in switch-
ing voltage regulators.

Power circuitry and driver 238 may be designed to convert
one or more DC voltages to one or more AC voltages, pret-
erably at high power conversion efficiency. The power driver
circuit may be designed to generate an AC signal, preferably
for example, at high power conversion efficiency and/or at
low total harmonic distortion (THD). Passive or active filters
may be designed within the power driver circuit, for example,
to reduce harmonic distortion in the DC-AC power conver-
sion. Power switches may also be implemented within the
power driver circuit, for example, to drive high power AC
devices and/or to withstand high output voltages.

Filter(s) 240 may be designed to be active or passive. The
filter may be designed to reduce the total harmonic distortion
(THD) 1n the inverter system. The filter may be low pass, high
pass, band pass or band reject depending, for example, on the
intended purpose of the filter. The filter may be designed with
only passive elements, for example, resistors and/or capaci-
tors and/or inductors, or the filter may include active compo-
nents, for example, operational amplifiers.

Analog control loop 242 may be designed to control the
power circuit and driver circuitry. It may be designed to
provide analog control of the power converter and/or driver
circuitry, preferably to improve power conversion efliciency
of the inverter system. The analog control loop may be design
as a feed back loop to the DC-DC power converter and/or
DC-AC driver circuitry, for example, to dynamically control
and maximize the power conversion eificiency of these circuit
blocks. Alternatively, the control loop may be implemented in
digital or mixed-signal form separate from, or integral with,
the controller 232.

Transcerver circuit 244 may be designed to, for example,
communicate with the monitoring unit via the power line. The
transceiver may be designed to, for example, operate at high
frequency and low power. The transceiver may be design to
communicate through circuitry outside of the inverter for
example, through the power line and/or wireless links. The
transcerver may include a line interface circuit to, for example
interface the power grid to the transceiver. The transceiver
may include one or more low noise amplifiers (LNA) to, for
example, amplily the recerve signal with low noise figure
and/or high gain. The transcerver may include automatic gain
control (AGC), for example, to automatically control the gain
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of the recerver. The transceiver may include driver circuits,
for example, to drive the transmitted signals at high gain
and/or efficiency. The transcerver may include a buller cir-
cuit, for example, to amplity the signal to the driver circuitry.
The transcerver may include on or more filters, for example,
to filter unwanted frequency contents, 1.¢. high frequency
noise. The transceiver may mclude 1ts own ADC and DAC, for
example, to convert analog signals to digital signals and vice
versa.

Energy storage conditioning 246 may be designed to
enable the system to store energy 1n the energy storage device.

Power conditioning 248 may include functionality which
controls, monitors and/or analyzes (1) the power conversion
operation of the inverter system and/or components thereof
(for example, the DC-DC and/or DC-AC power conversion
circuitry) (11) the operating characteristics of the inverter and/
or components thereof, (111) the characteristics of the output
power ol the mverter system (for example, current, voltage

and temporal characteristics thereof), (1v) the storage opera-
tion of one or more of the energy storage devices and/or
energy supplied thereto (via, for example, the inverter sys-
tem ), and/or (v) the characteristics of the output power of one
or more of the energy storage devices (for example, current,
voltage and temporal characteristics thereot).

Power switch block 250 may include one or more power
switches to transfer power from the solar cells to the power
or1d.

Voltage reference circuit 252 may be designed to control
the voltage that 1s delivered to the power grid and/or the power
condition circuit.

Startup circuit 254 may be designed to start up the inte-
grated power converter as there 1s enough solar energy or

other energy to power up the system.

Multiplexer 256 may be designed to choose between dii-
terent digital or analog mput sources. The multiplexer cir-
cuitry may be designed to select between the different sensing
circuitry (for example) voltage and/or current sensing and/or
any other digital and/or analog signal.

Sensing circuitry 238A-F may be designed to sense volt-
ages and/or currents in the mverter system. The sensing cir-
cuit may be designed to sense one or more DC voltages and/or
currents at, for example, the DC power source and/or at the
output of the DC power converter. The sensing circuit may
also be designed to sense one or more AC voltages and/or
currents at, for example, the AC power source and/or at the
output of the DC-AC power converter and/or power driver
circuit.

Clock generation circuit 262 may be designed to generate
one or more clocks for the integrated power converter, par-
ticularly for the transcerver circuit.

Crystal Oscillator 264 may include an internal or external
crystal oscillator to generate the mput clock to the clock
generation circuitry.

Energy storage block 266 may include one or more energy
storage devices which may be designed to store energy from
the inverter system. It may be in the form of rechargeable or
non-rechargeable battery, capacitor, other charge storage
device and/or element, and/or inductor, or any combination
thereol.

Analog/Dagital converter (ADC) 260 may be designed to
convert analog signals of any form to digital signals. The
digital signals to the DSP may be sampled with Nyquist
sampling, oversampling, or any other sampling methods, or
any combination thereof.

A ground fault interruption (GFI) circuit may be included
to provide protection by detecting and/or shutting down the
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system 1n response to ground fault conditions, communicat-
ing with a remote monitoring station, and/or taking other
appropriate actions.

FIG. 31 illustrates an embodiment of a transceiver accord-
ing to the mventive principles of this patent disclosure. The
system of FIG. 31 may include some or all of the following:
a line interface circuit 268, low noise amplifier 270, automatic
gain control 272, driver circuit 274, buller circuit 276, one or
more filters 278, ADC 280, DAC 282, Pre-MAC 284, /O
MUX 286, and/or an interface circuit 288 for a processor.

Line interface circuit 268 may be designed to interface the
power grid to the transceiver. Low noise amplifier (LNA) 270
may be designed to operate with, for example, low noise
figure and/or high gain. Automatic gain control (AGC) 272
may be designed to automatically control the gain of the
receiver. Driver circuit 274 may be designed to drive the
transmuitted signal to the power grid at, for example, high gain
and/or efliciency. Buller circuit 276 may be designed to pre-
amplily the signal going to the driver circuitry. Filter(s) 278A
and B may be designed to filter out unwanted frequency
contents, for example, high frequency noise. Analog/digital
converter 280 may be designed to operate at high, moderate,
or low resolution at high, moderate or low speed. It may be
designed, for example to dissipate low power. Digital/analog
converter 282 may be designed to operate at high, moderate,
or low resolution at high, moderate or low speed. It may be
designed, for example to dissipate low power. Pre-MAC and
I/O Mux 284 may choose between recerve mode and/or trans-
mit mode and/or 1dle mode. Interface circuit 288 may inter-
face the transceiver to any and all types of processors. The
interface may be serial or parallel or a combination of the two.

FIG. 32 illustrates an embodiment of an inverter system
according to the inventive principles of this patent disclosure.
DC power 1s applied to the system at terminals 292 and 294.
The embodiment of FI1G. 32 1s shown 1n the context ol a solar
panel 290, but 1t may be utilized with other DC power sources
such as fuel cells, batteries, capacitors, etc. In this example,
the main power path continues through a collection of com-
ponents that form a DC-DC converter 306. The DC-DC con-
verter transforms the DC power from relatively low voltage
and high current, which 1s characteristic of PV panels having
crystalline cells and some other DC power sources, to rela-
tively higher voltage and lower current suitable for conver-
s1on to AC power 1n a form that can be easily distributed to a
local user and/or transmitted to remote users through a power
orid, etc. In other embodiments, for example, systems based
on thin-film PV cells, the DC power may be generated at
higher voltages, thereby eliminating or reducing the need or
useiulness of voltage boosting, pre-regulation, etc. In this
embodiment, the DC-DC converter 1s shown with two stages:
a boost-type pre-regulator and a push-pull type main stage. In
other embodiments, however, the DC-DC converter may be
implemented with any suitable arrangement of single or mul-
tiple stages.

Referring again to FIG. 32, a zero-ripple input filter 296,
for example a passive filter, may be utilized to reduce high
frequency (HF) nipple for improved efficiency. Depending on
the implementation, the benefit of the zero ripple filter may
not be worth the additional cost.

Pre-regulator 298 may enable the system to operate from a
wider range of input voltages to accommodate PV panels
from different manufacturers. The pre-regulator may also
tacilitate the implementation of an advanced control loop to
reduce input ripple as discussed below. The pre-regulator may
be implemented, for example, as a high-frequency (HF) boost
stage with soft switching for high efficiency and compact
size. In this example, the pre-regulator provides a modest
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amount of 1mitial voltage boost to feed the next stage. How-
ever, other pre-regulator stages such as buck converters, buck-
boost converters, push-pull converters, etc., may be used as a
pre-regulator stage.

Push-pull stage 300 provides the majority of the voltage
boost 1n conjunction with a transformer 302 and rectifier 304.
The use of a push-pull stage may facilitate the implementa-
tion of the entire system with a single integrated circuit since
the drivers for both power switches may be referenced to the
same common voltage. The output from the rectifier stage 304
1s applied to a DC link capacitor C, -~ which provides a high
voltage DC bus to feed the DC-AC 1nverter stage 312.

The inverter stage 312 includes a high voltage output
bridge 308 which, in this embodiment, 1s implemented as a
simple H-bridge to provide single-phase AC power, but multi-
phase embodiments may also be implemented. A passive
output filter 310 smoothes the waveform of the AC output
betfore 1t 1s applied to a load or grid at the neutral and line
output terminals L. and N.

A first (input) PWM controller 314 controls the pre-regu-
lator 296 1n response to various sense inputs. In the embodi-
ment of FIG. 32, voltage sensors 316 and 320 and current
sensor 318 provide a measure of the overall input voltage and
current and the output voltage of the pre-regulator, respec-
tively. However, the first PWM controller may operate in
response to fewer or more sense inputs. For example, any of
these sense inputs may be omitted and/or other sense mputs
may be included, e.g., the voltage on DC link capacitor C,, -,
or currents measured at any other points along the power path.

In one embodiment, the first PWM controller 314 imple-
ments an mner control loop (shown conceptually by arrow
315) by controlling the pre-regulator 296 to maintain a con-
stant voltage at the input terminals 292 and 294. This may
reduce or eliminate mput ripple, thereby reducing the size of
capacitor C1 and eliminating the zero ripple filter. In essence,
the inner control loop may transfer the energy storage func-
tion from the mput capacitor C1 to the DC link capacitor C, -
This energy storage 1s used for cycle-by-cycle power balance
at the AC output frequency. That1s, power 1s preferably drawn
from the DC source at a constant rate, whereas the instanta-
neous AC power output tluctuates between zero and some
maximum value at twice the AC line frequency.

To prevent these AC power fluctuations from being
reflected back to the DC power source, a decoupling capacitor
1s used to store energy during troughs (or “valleys™) in the AC
line cycle, and release energy during peaks in the AC line
cycle. This 1s typically accomplished through the use of a
large electrolytic capacitor for C1. The inner control loop,
however, moves this energy storage to the DC link capacitor
C,~ where energy 1s stored and discharged in the form of
large voltage fluctuations on the capacitor. This 1s 1n contrast
to conventional systems 1n which the DC link voltage 1s
regulated to a constant value.

Regulating a constant DC 1nput voltage may provide sev-
eral advantages. First, reducing ripple 1n the input waveiorm
improves the efficiency of some DC power sources such as
PV panels which sufler from resistive losses related to the
ripple. Second, moving the energy storage to the DC link
capacitor may eliminate the need for an iput electrolytic
capacitor which 1s an expensive, bulky and unreliable com-
ponent with a short lifespan. Instead, the energy may be
stored 1n a higher voltage form on the DC link capacitor
which 1s less expensive, more reliable, has a longer lifespan
and may take up less space. Moreover, the size of the DC link
capacitor itsellf may also be reduced.

A maximum power point tracking (MPPT) circuit 344
forms an outer control loop to maintain the average nput
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voltage and current, sensed by voltage and current sensors
316 and 318, respectively, at the optimum points to maximize
the output power available from the DC power source, which
in this example, 1s a PV panel.

A second (push-pull) PWM controller 324 controls the
push-pull stage in response to the DC link voltage sensed by
voltage sensor 326. A DC-link voltage controller 322 pro-
vides a feedback signal which 1s compared to a reference
signal REF and applied to the second PWM controller 324.
The DC-link voltage controller 322 may operate 1n different
modes. In one mode, 1t may simply convey the instantaneous
DC-link voltage to the PWM circuit, thereby causing the
DC-link voltage to be regulated to a constant value. However,
if used 1n conjunction with the input ripple reduction loop
discussed above, the DC-link voltage controller 322 may
filter out the AC ripple so that the second PWM loop only
regulates the long-term DC value (e.g., the RMS value) of the
DC-link voltage. That 1s, the AC ripple on the DC-link capaci-
tor rides on a DC pedestal that slides up or down 1n response
to the DC-link voltage controller. This may be useful, for
example, to control distortion in the AC output power as
discussed below.

A third (output) PWM controller 330 controls the four
switches 1n the H-bridge 308 to provide a sinusoidal AC
output wavetorm. A non-D(Q, non-cordic polar form digital
phase locked loop (DPLL) 332 helps synchronize the output
PWM to the AC power line. The overall AC output 1s moni-
tored and controlled by a grid current control loop 336 which
adjusts the third PWM controller 330 1n response to outputs
from the MPPT circuit, the DC-link voltage controller, the
DPLL, and the output voltage and/or current. A harmonic
distortion mitigation circuit 338 further adjusts the output
PWM through a summing circuit 334 to eliminate or reduce
distortion in response to the output voltage and current wave-
forms sensed by voltage and current sensors 340 and 342,
respectively.

An output signal from the harmonic distortion mitigation
circuit 338 may also be applied to the DC-link voltage con-
troller for optimization of the DC-link voltage. In general, 1t
may be preferable to mimimize the DC-link voltage to
increase overall elliciency. However, if the troughs of the
voltage excursions on the DC-link capacitor fall too low, 1t
may cause excessive distortion 1n the AC output. Thus, the
DC-link voltage controller may shide the DC pedestal on the
DC-link capacitor up or down to maintain the bottoms of the
AC troughs at the lowest point possible while still holding
distortion to an acceptable level as indicated by the harmonic
distortion mitigation circuit.

FIG. 33 1s a schematic diagram of an embodiment of a main
power path suitable for implementing the inverter system of
FIG. 32 according to the mventive principles of this patent
disclosure. Power from DC power source 346 1s applied to the
system at capacitor C1 which may be a large energy storage
capacitor, or if the mput ripple reduction control loop 1s used.,
a smaller filter capacitor to prevent HF switching transients
from being fed back into the DC power source. Inductor L1,
transistor Q1 and diode D1 form the pre-regulation boost
converter which 1s controlled by the input PWM controller.

The output from the boost converter appears across capaci-
tor C2 which may provide HF filtering and/or energy storage
depending on the implementation. The push-pull stage
includes transistors Q2 and (3 which alternately drive a
split-core transformer T1,1T2 in response to the push-pull
PWM controller. The transformer has an appropriate turns
ratio to generate a high-voltage DC bus across the DC-link
capacitor C, -~ to adequately feed the output bridge. Depend-
ing on the implementation, the transformer may also provide
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galvanic 1solation between the input and output of the inverter
system. The rectifier may 1nclude passive diodes D2-D5 as
shown 1n FIG. 33, active synchronous rectifiers, or any other
suitable arrangement.

Transistors Q4-Q7 1n the HV output bridge are controlled
by the output PWM controller to generate the AC output
which 1s filtered by grid filter 348 before being applied to the
load or power grid.

An advantage of the embodiment of FIG. 33 1s that 1t 1s
readily adaptable to fabrication as an integrated power con-
verter, for example, with a single integrated circuit (I1C). Since
most of the power switches are referenced to a common
power supply connection, 1solated drivers are not required for
these switches. In a monolithic implementation of the entire
structure, there may be dielectric 1solation between the high-
side switches 1n the output H-bridge and their corresponding
low-side switches. There may also be 1solation between dii-
ferent sections of the system. For example, sense circuitry
located 1n one section may transier information to processing
circuitry in another section that performs control and/or com-
munication and/or other functions in response to the informa-
tion recerved from the first section. Depending on the particu-
lar application and power handling requirements, all of the
components including the power electronics, passive compo-
nents, and control circuitry (intelligence) may be fabricated
directly on the IC chip. In other embodiments, 1t may be
preferable to have the largest passive components such as
inductors, transformers and capacitors located off-chip. In yet
other embodiments, the system of FIG. 33 may be imple-
mented as a multi-chip solution.

FI1G. 34 1llustrates an embodiment of a PV panel according,
to the inventive principles of this patent disclosure. The panel
includes PV cells 350, 352, 354, etc., arranged above a {first
1solation layer or stratum 356. Each PV cell 1s coupled to a
corresponding one of inverters 362, 364, 366, ctc., which are
fabricated as single integrated power converters. In this
embodiment, contacts (e.g., bond pads) for the DC inputs V -
and COM and AC outputs L and N on each nverter chip are
arranged on the same side of the mverter. The AC outputs
from the multiple inverters are coupled together to form an
AC distribution (or collection) bus between the first 1solation
layer 356 and a second 1solation layer 358. AC outputs may be
single phase and/or multi-phase. An encapsulation layer 360
may be formed over the inverters to provide protection from
environmental elements and/or additional structural integrity.

FIG. 35 illustrates another embodiment of a PV panel
according to the inventive principles of this patent disclosure.
In the embodiment of FIG. 35, each inverter 374 1s connected
to a string of PV cells 368, 370, 372, etc., rather than 1ndi-
vidual cells. In this embodiment, only one 1solation layer 376
separates the PV cells from the inverter or inverters. The
terminals for the AC outputs L and N are arranged on the
opposite side of the itegrated power converter from the DC
inputs V- and COM. The AC outputs are provided on wire
leads 380 and 382 which may be combined with the outputs of
other inverters on the panel, if any, and/or wired directly to a
load or power distribution grid. AC outputs may be single
phase and/or multi-phase. An encapsulation layer 378 may be
tormed over the imnverters to provide protection from environ-
mental elements and/or additional structural integrity.

In the embodiments of FIGS. 34 and 35, an additional
ground line may be added to the AC distribution bus depend-
ing on the implementation or application. The panels of FIGS.
34 and 35 may further include a glass superstrate located
above the PV cells to provide a rigid structure for the entire
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panel. Alternatively, one or both of the 1solation layers may
provide the structural basis for the panel, either rigid or flex-
ible.

FIGS. 34 and 35 provide quasi-exploded cross-sectionals
views that are not to scale or proportion for purposes of
illustrating the general arrangement ol components. Spaces
shown 1n the illustrations may not actually be implemented
and/or may be filled with encapsulants, insulators, adhesives,
etc. The embodiments shown 1n FIGS. 34 and 33 illustrate
some possible implementation details of the panels shown 1n
FIGS. 26-29, but neither the panels of FIGS. 26-29, nor the
embodiments shown 1n FIGS. 34 and 35 are limited to these
details.

The inventive principles of this patent disclosure have been
described above with reference to some specific example
embodiments, but these embodiments can be modified 1n
arrangement and detail without departing from the inventive
concepts. Such changes and modifications are considered to
fall within the scope of the following claims.

For example, some of the embodiments described above
have been illustrated 1n the context of PV solar power sys-
tems. However, the inventive principles also apply to systems
tor other types of DC power sources. Thus, one embodiment
of an energy conversion system according to the inventive
principles includes one or more DC power sources and two or
more inverters to convert DC power from the power sources to
AC power. In some embodiments, the AC power from the two
or more inverters may be combined to provide a single AC
output. For example, the one or more DC power cells may
include one or more fuel cells, one or more photovoltaic cells,
one or more capacitors, €.g., large electrolytic capacitors, or
any combination thereof. In such a system, each of the ivert-
ers may be coupled for example to a single one of the DC
power cells, or each of the inverters 1s coupled to a single
string of the DC power cells, etc. The system may be arranged
so that the components are part of a single compact assembly,
or physically distributed.

The mvention claimed 1s:

1. A solar photovoltaic module comprising;

a plurality of photovoltaic cells to generate DC power 1n
response to exposure to an amount of sunlight;

a plurality of integrated direct current-to-alternating cur-
rent (DC-to-AC) inverters, wherein each integrated DC-
to-AC mverter comprises (1) a DC input electrically
coupled to a single, different photovoltaic cell of the
plurality of photovoltaic cells and (11) an AC output
clectrically coupled to a corresponding AC output of
cach other integrated DC-to-AC 1nverter; and

a first 1solation layer, different from the integrated DC-to-
AC mverters and the photovoltaic cells, separating each
photovoltaic cell from each integrated DC-to-AC
inverter.

2. The solar photovoltaic module of claim 1, wherein the
DC mput of each integrated DC-to-AC inverter 1s electrically
connected to the corresponding single photovoltaic cell via
corresponding electrical interconnections that pass through
the first 1solation layer.

3. The solar photovoltaic module of claim 2, further com-
prising a second 1solation layer, different from the integrated
DC-to-AC mverters and the photovoltaic cells, located
between the first 1solation layer and each integrated DC-to-
AC mverter.

4. The solar photovoltaic module of claim 3, further com-
prising an AC bus connected to the AC output of each 1nte-
grated DC-to-AC inverter, wherein the AC bus 1s located
between the first 1solation layer and the second 1solation layer.
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5. The solar photovoltaic module of claim 1, wherein the
DC mput and the AC output of each integrated DC-to-AC
inverter 1s defined on a first side of the corresponding inte-
grated DC-to-AC 1nverter that faces toward the correspond-
ing single photovoltaic cell.

6. The solar photovoltaic module of claim 1, wherein each
of the integrated DC-to-AC inverters comprises an integrated
power converter, wherein each integrated power converter
comprises a plurality of electrical components established on
a single integrated circuit.

7. The solar photovoltaic module of claim 1, wherein each
of the integrated DC-to-AC mverters comprises an integrated
power converter, wherein each integrated power converter
comprises a plurality of active electrical components estab-
lished on a single integrated circuit and a plurality of passive
components located apart from the single integrated circuit.

8. The solar photovoltaic module of claim 7, wherein the
plurality of active electrical components comprise at least one
power transistor and the plurality of passive components
comprise at least one capacitor.

9. The solar photovoltaic module of claim 1, further com-
prising an encapsulation layer having a plurality of pockets
defined 1n an mner side, wherein each of the integrated DC-to-
AC mverters 1s positioned 1n a corresponding pocket of the
encapsulation layer.

10. The solar photovoltaic module of claim 9, further com-
prising:

a second 1solation layer, different from the integrated DC-
to-AC 1mverters and the photovoltaic cells, located
between the first 1solation layer and the encapsulation
layer; and

an AC bus (1) connected to the AC output of each integrated
DC-to-AC mverter and (1) located between the first
1solation layer and the second 1solation layer.

11. A solar photovoltaic module comprising;:

a plurality of strings of photovoltaic cells, wherein each
string of photovoltaic cells comprises multiple 1ndi-
vidual photovoltaic cells electrically coupled together to
generate a DC power 1n response to exposure to an
amount of sunlight;

a plurality of integrated direct current-to-alternating cur-
rent (DC-to-AC) mverters, wherein each mtegrated DC-
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to-AC mverter comprises (1) a DC input electrically
coupled to a single, different string of photovoltaic cells
and (1) an AC output electrically coupled to a corre-
sponding AC output of each other integrated DC-to-AC
inverter; and

an 1solation layer, different from the integrated DC-to-AC

inverters and the photovoltaic cells, separating each pho-
tovoltaic cell from each integrated DC-to-AC inverter.

12. The solar photovoltaic module of claim 11, wherein the
DC mput of each integrated DC-to-AC inverter 1s electrically
connected to the corresponding single string of photovoltaic
cells via corresponding electrical interconnections that pass
through the 1solation layer.

13. The solar photovoltaic module of claim 11, wherein the
DC input of each integrated DC-to-AC mverter 1s defined on
a first side of the corresponding integrated DC-to-AC mverter
that faces toward the corresponding single string of photovol-
taic cells and the AC output of each mtegrated DC-to-AC
inverter 1s defined on a second side of the corresponding
integrated DC-to-AC inverter opposite the first side.

14. The solar photovoltaic module of claim 11, wherein
cach of the integrated DC-to-AC 1nverters comprises an inte-
grated power converter, wherein each integrated power con-
verter comprises a plurality of electrical components estab-
lished on a single integrated circuat.

15. The solar photovoltaic module of claim 11, wherein
cach of the mtegrated DC-to-AC 1inverters comprises an inte-
grated power converter, wherein each itegrated power con-
verter comprises a plurality of active electrical components
established on a single itegrated circuit and a plurality of
passive components located apart from the single integrated
circuit.

16. The solar photovoltaic module of claim 15, wherein the
plurality of active electrical components comprise at least one
power transistor and the plurality of passive components
comprise at least one capacitor.

17. The solar photovoltaic module of claim 11, further
comprising an encapsulation layer having a plurality of pock-
cts defined 1n an inner side, wherein each of the integrated
DC-to-AC 1mverters 1s positioned 1n a corresponding pocket
of the encapsulation layer.
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